Introduction
============

Chronic diseases such as diabetes, cancer, hypertension and cardiovascular disease have become major public health issues in modern societies. The only effective means for dealing with these health issues is likely through preventive medicine. The long asymptomatic period before the onset of chronic diseases offers good opportunities for disease prevention. For example, diabetes mellitus (DM) may be preventable by avoiding high caloric diets that trigger the disease process (primary prevention) or by exercise or the intake of food factors that modulate the disease process before the onset of clinical symptoms (secondary prevention). It has been reported that several beneficial food factors,^([@B1])^ calorie restriction,^([@B2])^ and exercise can prevent the occurrence of diabetes and/or the development of diabetic complications in diabetes animal models.^([@B3])^ Particularly, the preventive effects against diabetes have been demonstrated using several functional food factors including α-lipoic acid,^([@B4])^ fermented-grain food,^([@B5])^ vitamin E,^([@B6])^ and *S*-allyl cysteine.^([@B7])^ In these preventive studies, the Otsuka Long-Evans Tokushima Fatty (OLETF) rat is typically used as a model of spontaneous type 2 diabetes.^([@B8],[@B9])^ The characteristics of OLETF rats include a chronic course of disease, late onset of hyperglycemia, mild obesity, fatty liver, and diabetic nephropathy. These features in OLETF rats resemble those of human type 2 diabetes.^([@B9])^

In planning effective disease prevention studies, sensitive and specific biomarkers that can accurately identify the at-risk population before the onset of clinical symptoms are required, particularly in human studies. Molecular profiling has rapidly become the method of choice for biomarker identification, as a large number of genes and proteins can be analyzed using high-throughput technologies. One approach involving quantitative proteomics is based on surface-enhanced laser desorption/ionization time-of-flight mass spectrometry (SELDI-TOF MS). SELDI utilizes chromatographic surfaces that retain proteins from a complex sample mixture according to their specific properties; and the molecular weights of the retained proteins are then measured by TOF MS. Using this approach, candidate biomarkers have been identified as a diagnostic markers for a number of diseases including lung cancer,^([@B10])^ hepatocellular carcinoma,^([@B11])^ laryngeal squamous carcinoma,^([@B12])^ peripheral arterial disease,^([@B13])^ dementia,^([@B14])^ acute pacreatitis,^([@B15])^ and chronic obstructive pulmonary disease.^([@B16])^ Interestingly, recent studies in human have identified candidate biomarkers predictive of clinical outcome of anti-cancer drugs,^([@B17])^ infliximab,^([@B18])^ and interferon plus ribavirin therapy.^([@B19])^

In the present study, we demonstrated that chronic administration with partially hydrolyzed guar gum (PHGG), a water-soluble dietary fiber, slowed the occurrence of diabetes and inhibited the fatty liver and renal dysfunction in OLETF rats. We also identified predictive biomarkers of the treatment response to PHGG in type 2 diabetes rats using SELDI-TOF MS.

Materials and Methods
=====================

Diet preparation
----------------

The commercial PHGG preparation (Sunfiber^®^) used in this study was obtained from Taiyo Kagaku Co., Ltd. (Mie, Japan). The preparation was manufactured by treatment with guar gum uisng a β-endogalacto-mannase from a strain of *Aspergillus niger*. High-performance liquid chromatography (HPLC) analysis was used to determine that the average molecular mass of PHGG was 20,000 Da. The total dietary fiber content of PHGG was 85%, as measured using the method described by the Association of Official Agricultural Chemists.

Animal experiments and diet composition
---------------------------------------

All animal experiments and care conformed to the Guidelines of the Animal Care and Use Committee of Kyoto Prefectural University of Medicine. Four-week-old male OLETF rats (*n* = 14) and LETO rats (*n* = 8) were provided by the Tokushima Research Institute of Otsuka Pharmaceutical (Tokushima, Japan) without charge. After acclimation for 1 week by feeding a basal diet, the rats were randomly assigned to one of four dietary regimens: 1) OLETF-C (*n* = 7); OLETF rats fed control standard rat diet (CRF-1, Oriental Yeast Co., Ltd., Tokyo, Japan), 2) OLETF-F (*n* = 7); OLETF rats fed standard rat diet containing 5% PHGG, 3) LETO-C (*n* = 4); LETO rats fed control standard diet, and 4) LETO-F (*n* = 4); LETO rats fed standard rat diet containing 5% PHGG. Nutritional information of the standard diet CRF-1: metabolizable energy 359 kcal/100 g, 22.4% protein, 5.7% fat, 3.1% fiber, while that for the PHGG fiber diet: metabolizable energy 341 kcal/100 g, 21.2% protein, 5.4% fat, and 8.1% fiber. The rats were individually housed in plastic cages at 24 ± 2°C and at 45 ± 5% relatively humidity with a 12-h/12-h light/dark cycle, and were given free access to food and water throughout the experimental period.

Body weight, oral glucose tolerance test, and insulin resistance
----------------------------------------------------------------

Food consumed was evaluated each day and body weight was evaluated every week during the experiments. Oral glucose tolerance tests (OGTT) were conducted at the beginning of the experiments and every 4 weeks after overnight fasting during the experiments. Rats were administered a 20% glucose solution (2 g/kg) and blood samples were collected from the tail vein at 0, 30, 60, and 120 min after glucose loading. Plasma glucose levels were determined using a Glutest Ace R (Sanwa Kagaku Kenkyusho Co., Ltd., Nagoya, Japan). Based on the results of OGTT, normal glucose tolerance (shown as "N" in Fig. 3b) was defined as fasting plasma glucose (FPG) \<110 mg/dl and 2 h post-glucose loading \<140 mg/dl. Diabetes ("D" in Fig. 3b) was defined as FPG ≥126 mg/dl or 2 h post-load glucose ≥200 mg/dl. The remaining rats in each group were evaluated for impaired glucose tolerance ("I" in Fig. 3b), characterized by normal glucose tolerance and diabetes. The homeostasis model assessment of insulin resistance (HOMA-IR) was calculated using glucose and insulin concentrations obtained after 7 h of food withdrawal by using the following formula: fasting blood glucose (mg/dl) × fasting insulin (µU/ml)/405. Plasma insulin levels were measured using an insulin ELISA kit (Morinaga Institute of Biological Science, Inc., Yokohama, Japan).

Serum lipids and biochemistry
-----------------------------

Asparate 2-oxoglutarate aminotransferase, alanine 2-oxoglutarate aminotransferase, blood urea nitrogen, free cholesterol, triglyceride, non-esterified fatty acid, and LDL-cholesterol were measured using a Shimadzu CL8000 Clinical Chemistry Analyzer (Shimadzu, Ltd., Tokyo, Japan).

Evaluation of fatty liver and nephropathy
-----------------------------------------

OLETF rats were sacrificed at 62 weeks of age and their livers and kidneys were fixed in 10% buffered formalin and embedded in paraffin. The paraffin-embedded tissue sections were deparaffinized in xylene, rehydrated with a series of alcohol washes, and then stained with hematoxylin-eosin (H-E) and with periodic acid-Schiff (PAS) reagent and hematoxylin to evaluate hepatic steatosis and diabetic nephropathy, respectively. In each H-E-stained section of the renal cortex, the severity of hepatic histological steatosis was assessed and the ratio of fatty lesions was calculated as fatty area/(total area-vascular area) × 100 (%) using NIH Image Software and Photoshop (Adobe Systems, San Jose, CA). In each PAS-stained section of the renal cortex, 20 glomeruli cuts at the vascular pole were analyzed morphometrically. The extent of increase in the mesangial matrix was determined by the presence of PAS-positive and nuclei-free area in the mesangium; the glomerular area was also traced along the outline of the capillary loop using NIH Image Software and Photoshop. The ratio of PAS-positive mesangial area was calculated as mesangial matrix area/glomerular area × 100 (%). Rats were transferred to individual metabolic cages for urine sample collection, and urine samples were collected for 24 h to measure albumin clearance; urinary albumin concentration × 24-h urine volume.

Protein profiling using SELDI-TOF MS
------------------------------------

The samples were examined in duplicate and each replicate of samples (10 µl) was denatured by adding 20 ml of U9 buffer \[50 mM Tris-HCl (pH 9.0), 9 M urea, 2% CHAPS\] and then agitated at 4°C for 20 min. Denatured samples were applied to 50 ml of Q Ceramic Hyper D^®^ F (Pall Corporation, Port Washington. NY) anion exchanger resin and subsequently 20 ml of U1 buffer \[9-fold diluted U9 buffer containing 50 mM Tris-HCl (pH 9.0)\] was added to each resin, and the samples were incubated at 4°C for 30 min. Six fractions including flow through + pH 9.0, 7.0, 5.0, 4.0, and 3.0 and organic, which were referred to as Fr1--Fr6, respectively, were collected using 50 ml of 50 mM Tris-HCl buffer (pH 9.0) containing 0.1% octyl β-[d]{.smallcaps}-glucopyranoside (OGP) and washed twice with 50 ml of four different buffers twice with stepwise-decreasing pH values: 50 mM HEPES-NaOH buffer (pH 7.0) with 0.1% OGP; 100 mM sodium acetate buffer (pH 5.0) containing 0.1% OGP; 100 mM sodium acetate buffer (pH 4.0) containing 0.1% OGP; 50 mM sodium citrate buffer (pH 3.0) containing 0.1% OGP. As the final step, the resin was washed twice with 50 ml of organic solution composed of 33.3% isopropanol, 16.7% acetonitrile (ACN), and 0.1% trifluoroacetic acid (TFA) to elute residual proteins.

All fractionated samples were subjected to two different types of ProteinChip^®^ array (Bio-Rad, Hercules, CA), including CM10 (weak cation exchange) and IMAC30 (immobilized metal affinity capture) coupled with Cu^2+^. The binding buffer contained 100 mM sodium acetate buffer (pH 4.0) for the CM10 arrays and 100 mM sodium phosphate buffer (pH 7.0) containing 500 mM NaCl for the IMAC30-Cu^2+^ arrays. Aliquots (10 ml) of the fractionated samples were diluted 0-fold with the respective binding buffers and applied to ProteinChip^®^ arrays. Both α-cyano-4-hydroxycinnamic acid and sinapinic acid (SPA) were used as an energy-absorbing molecules (EAMs). An aliquot of 1 ml of EAM (50% saturated concentration in 50% ACN, 0.5% TFA) was applied twice to the prepared arrays. After sample denaturation to apply EAM, the laboratory automation system Biomek 2000^®^ (Beckman Instruments Co., Coulter, CA) was employed to analyze the samples.

All arrays were analyzed using a Protein Biological System IIc ProteinChip^®^ reader (Bio-Rad). The high mass setting was set to 100 kDa and the focus mass was set to 6.5 kDa. The arrays were analyzed under two different conditions when using SPA as an EAM, the high mass setting was set to 200 kDa, and the focus mass was set to 20 kDa in addition to the above settings. Mass spectrometric profiles were generated by averaging 130 laser shots under optimized analysis conditions based on maximum protein peak yield.

Purification and identification of protein biomarkers
-----------------------------------------------------

The protein biomarker of m/z 14,720 was purified and identified as follows. A strong anion-exchange column, the HiTrap^TM^ Q HP 1 ml (GE Healthcare Bio-Sciences, Pittsburgh, PA), was equilibrated with U1 buffer. A 1.5-ml aliquot of normal rat serum (SHIMIZU Laboratory Supplies Co., Kyoto, Japan) was denatured by adding 450 µl U9 buffer and applied to the column. The column was washed with 5 ml of 50 mM Tris-HCl (pH 9.0) buffer and subsequently washed with 5 ml of 50 mM sodium acetate (pH 5.0) buffer and an additional 5 ml of 0.50 mM sodium citrate buffer (pH 3.0). The column was washed with 33.3% isopropanol, 16.7% ACN, and 0.1% TFA to elute the retained proteins to obtain the target fraction.

The obtained fraction was subjected to 15--20% tricine SDS-PAGE under non-reducing conditions. Gels were stained with coomassie brilliant blue (CBB) G-250. To confirm that the target protein was isolated, the protein bands were passively eluted with 50% formic acid, 25% ACN, and 15% isopropanol from the polyacrylamide gel matrix followed by SELDI-TOF MS analysis. To identify the proteins, corresponding bands were analyzed by peptide mass fingerprinting (PMF) according to a previous study.^([@B20])^ TOF MS spectra of tryptic peptides were acquired using a 4700 Proteomics Analyzer (Applied Biosystems, Foster City, CA) and intense peaks in TOF MS spectra were analyzed in tandem mass spectrometry mode to obtain MS/MS spectra. Obtained TOF MS and MS/MS spectra were analyzed using the mass values of monoisotopic peaks for searches (MASCOT: http://www.matrixscience.com/) against the SWISS-Prot database.

Statistics
----------

For each outcome measure in animal models, one-way analysis of variance (ANOVA) was performed (Prism 6 for Mac OS X, GraphPad Software, Inc., San Diego, CA). Significant main effects (*p*\<0.05) between the OLETF-C and OLETF-F groups at each week of age were followed up with student's *t* test. Values are reported as the mean ± SE, and a *p* value \<0.05 indicated a statistically significantly difference.

Data processing and analysis for protein profiles were performed using Ciphergen Express^TM^ 3.0 (Bio-Rad). Baseline subtraction was performed and then the processed spectra were normalized to the total ion current. Detected peaks were identified in the peak cluster list and *p* values were calculated using the Mann-Whitney *U* test to compare normalized peak intensities between given sample groups. In this study, a *p* value less than 0.1 was regarded as statistically significant because of the small sample size (*n* = 4).

Results
=======

Effect of PHGG on food intake and body weight in OLETF and LETO rats
--------------------------------------------------------------------

As shown in Fig. [1](#F1){ref-type="fig"}a, OLETF-C rats were hyperphagic relative to LETO-C, with 40--50% more daily food intake over the period of 6--62 weeks of age. There was no significant effect of PHGG treatment on the meal patterns of both OLETF and LETO rats. We found that the body weights of the two groups in OLETF rats were significantly higher than those of LETO controls (Fig. [1](#F1){ref-type="fig"}b). PHGG treatment affected neither the body weight nor the phenotype of rats fed a control diet during the experiment.

Effect of PHGG on plasma levels of glucose in OLETF and LETO rats
-----------------------------------------------------------------

As shown in Fig. [2](#F2){ref-type="fig"}a, the fasting plasma glucose levels in OLETF-C rats were similar to those in LETO-C rats until 21 weeks of age, and gradually increased from 25 weeks of age. Plasma glucose levels 2 h after OGTT in OLETF-C rats also gradually increased from 19 weeks of age. Repeated measure ANOVA revealed significant differences both in plasma glucose levels for fasting and 2 h after OGTT between OLETF-C and OLETF-F groups (F = 6.365, *p*\<0.05 for fasting plasma glucose, F = 18.9, *p*\<0.001 for plasma glucose 2 h after OGTT).

Glucose responses to an OGTT and HOMA-IR are shown in Fig. [2](#F2){ref-type="fig"}c and d, respectively. The area under the curve (AUC) of glucose and HOMA-IR in OLETF-C rats increased at 25 weeks of age, and these increased values were significantly (*p*\<0.05) inhibited by treatment with PHGG.

Effect of PHGG on the onset of impaired glucose tolerance (IGT) and diabetic (DM) patterns determined by OGTT
-------------------------------------------------------------------------------------------------------------

The median onset of IGT/DM was 21 weeks of age and 25 weeks of age in the OLETF-C and OLETF-F groups, respectively. A comparison of the incidence curves is shown in Fig. [3](#F3){ref-type="fig"}a; there was a significance difference between the OLETF-C and OLETF-F groups (*p* = 0.03, Log-rank test). Fig. [3](#F3){ref-type="fig"}b showed each result in the OGTT in OLETF-C and OLETF-F rats during the experiment.

Effects of PHGG on fatty liver and renal dysfunction in OLETF rats
------------------------------------------------------------------

Histological analysis showed the severe fatty infiltration at the periphery of the central vein in the liver of OLETF-C rats at 62 weeks of age compared with LETO rats, and treatment with PHGG clearly improved hepatic steatosis in OLETF rats (Fig. [4](#F4){ref-type="fig"}a). Consistent with the histological findings, PHGG significantly (*p*\<0.05) reduced the ratio of fatty lesions in the liver of OLETF rats (Fig. [4](#F4){ref-type="fig"}b).

The glomerular appearance in OLETF-C rats at 62 weeks of age showed accelerated mesangial expansion characterized by an increase in PAS-positive mesangial matrix area relative to that observed in LETO-C rats. Chronic treatment with PHGG attenuated mesangial matrix accumulation and significantly inhibited the increase in relative mesangial area calculated as the mesangial area/total glomerular area ratio (Fig. [5](#F5){ref-type="fig"}a and b). In addition, albumin levels in the urine of OLETF-C rats increased compared with those in LETO-C rats at 42, 53, and 60 weeks of age. These increases in urinary albumin of OLETF-C rats were significantly inhibited in OLETF-F rats at 53 and 60 weeks of age (Fig. [5](#F5){ref-type="fig"}c).

Effects of PHGG on serum biochemistry in OLETF rats
---------------------------------------------------

As shown in Table [1](#T1){ref-type="table"}, there were no significant differences in serum biochemical parameters between OLETF-C and OLETF-F rats at 62 weeks of age, except for non-esterified fatty acid, which significantly (*p*\<0.05) decreased in OLETF-F rats compared to that in OLETF-C rats.

Discovery of the risk marker for diabetes mellitus by SELDI analysis
--------------------------------------------------------------------

We hypothesized that the blood collected just before the onset of DM should clearly reflect the risk of DM. Thus, based on the results of OGTT (Fig. [3](#F3){ref-type="fig"}b), serum samples subjected for proteomics analysis by SELDI-TOF MS were selected. To identify risk markers for DM, we examined sera collected from 21-week-old individuals diagnosed as having impaired glucose tolerance ("I^\#^" in Fig. [3](#F3){ref-type="fig"}b) in the OLETF-C group (C1, C2, C5, and C7) and as normal in the ("N^\#^" in Fig. [3](#F3){ref-type="fig"}b) OLETF-F group (F3, F4, F5, and F6) by OGTT. Considering the disease progress in DM and that the sample volume may be sufficient for proteomic analysis, the C5, C6, and C7 individuals in the OLETF-C group and F1, F3, and F4 in the OLETF-F group were subjected for time-course investigation at following time intervals: 9, 21, 29, 37, and 45 weeks of age (in F4, serum collected at 41 weeks of age was used because the amount of the corresponding sample was small).

To identify risk markers for DM, we analyzed the data in five steps as follows. Step 1) The normalized intensities of protein/peptide peaks obtained by SELDI-TOF MS were comprehensively and statistically compared between the LETO-C and OLETF-C groups. Step 2) Significant peaks obtained in step 1 were compared between the OLETF-C and OLETF-F groups. Step 3) From the significant peaks in step 2, the peaks showing risk reduction following treatment with water-soluble fiber were selected. These peaks included those that increased or decreased in peak intensities in the opposite direction as those identified in steps 1 and 2. Step 4) Artifacts (noise, multiply charged peaks, and matrix-adduct peaks) were removed from the peaks selected from step 3 and redundant peaks derived form same protein were grouped. Step 5) Time-course changes in risk marker candidates were investigated in OLETF-C and OLETF-F to evaluate the potential of the biomarkers.

By step 4, 12 specific peaks were identified as candidates of risk markers for DM (Table [2](#T2){ref-type="table"}). Fig. [6](#F6){ref-type="fig"}a shows the changes in the peak intensity at m/z 13,720. As shown in the boxplot (Fig. [6](#F6){ref-type="fig"}a), the relative peak intensity at m/z 13,720 for the OLETF rat significantly increased (*p*\<0.05) compared with those for the LETO rat at 21 weeks of age, and this increase was clearly inhibited (*p*\<0.01) by treatment by PHGG. Furthermore, Fig. [6](#F6){ref-type="fig"}b shows that the m/z 13,720 peak likely reflects the high-risk state for DM, particularly IGT.

Identification of protein biomarkers
------------------------------------

Identification of the protein biomarker at m/z 13,720 was performed as follows. Fig. [7](#F7){ref-type="fig"}a shows the tricine SDS-PAGE pattern of fractionated from rat serum. A reducing agent such as dithiothreitol, which is used in conventional SDS-PAGE to cleave disulfide bonds in proteins, was not used because disulfide bond cleavage can induce a molecular mass shift, preventing subsequent molecular-mass confirmation. CBB-stained protein bands, which were observed at approximately 14 kDa, were comprehensively excised and subjected to passive elution; each eluted fraction was analyzed by SELDI-TOF MS. A SELDI-TOF MS spectrum of the extract of the protein band indicated by the arrow in Fig. [6](#F6){ref-type="fig"}a is shown in Fig. [6](#F6){ref-type="fig"}b. The m/z value of the dominant peak (arrowed in Fig. [7](#F7){ref-type="fig"}b) coincided with the target protein biomarker. The corresponding band on the replicate lane was analyzed using PMF followed by MS/MS analysis. Consequently, the m/z 13,720 peak was identified as *Rattus* transthyretin (SWISS-PROT Accession number: P02767) by sequencing four tryptic peptides using tandem MS (score = 264 using the MASCOT MS/MS ion search program; 60% coverage). However, the observed m/z value of the target protein biomarker (13,720 Da) was approximately 120 Da higher than the molecular mass value calculated from the amino acid sequence of *Rattus* transthyretin, except for the signal peptide sequence (13,598 Da). It has been reported that the single cysteine residue (Cys10) region of human transthyretin is modified with different molecules such as cysteine, homocysteine, and glutathione through disulfide bonds in the human plasma.^([@B21])^ We concluded that the m/z 13,720 peak was cysteinylated transthyretin based on the peak distribution around the m/z 13,720 peak in the SELDI-TOF spectra.

In addition to the m/z 13,720 peak, we attempted to identify two additional peaks (m/z 8,331 and m/z 65,700), as these peaks were potential risk markers for DM according to the results of time-course investigation. Consequently, the m/z 8,331 peak was identified as apolipoprotein C-II (gi\|145553986), for which five tryptic peptides were sequenced using tandem mass spectrometry (score = 189 using the MASCOT MS/MS ion search program; 49% coverage). The m/z 8,331 peak corresponded to the molecular mass value calculated from amino acid sequence of *Rattus* apolipoprotein C-II except for the signal peptide sequence.^([@B22])^ Finally, we succeed in identifying the other two peaks using a similar procedure. The m/z 65,700 peak was identified as serum albumin, the most abundant protein in serum.

Discussion
==========

The present study demonstrated for the first time that chronic treatment with PHGG improved insulin resistance, delayed the onset of diabetes, and inhibited the development of diabetic complications in OLETF rats, a model of type 2 diabetes. In our study, we performed OGTT every 4 weeks from 5 to 60 weeks of age, and classified plasma glucose levels as normal, IGTT, and diabetes based on OGTT results. Judging from the OGTT data from the early stage of experiments using rats 5 to 30 weeks of age, PHGG significantly delayed the onset of IGTT and diabetes. We also demonstrated that chronic treatment with PHGG significantly ameliorated the progression of fatty liver as well as diabetic nephropathy at 62 weeks of age of OLETF rats. Finally, we succeeded identifying serum predictive biomarker of the response to treatment with PHGG by SELDI-TOF MS.

The beneficial effects of dietary fibers on obesity in OLETF rats have been reported previously in two studies.^([@B23],[@B24])^ Jeon *et al.*^([@B23])^ demonstrated that treatment with fermented mushroom milk-supplemented dietary fiber for 6 weeks from 10 weeks of age prevented the onset of obesity and hypertriglyceridemia in OLETF rats. Harazaki *et al.*^([@B24])^ showed that the feeding of a resistant starch diet to OLETF rats for 5 weeks from 22 weeks of age improved insulin resistance, reduced the mesenteric adipose tissue weight, and enhanced the number of small adipocytes. However, these two studies included limited data obtained from short-period treatment with dietary fibers. This is the first study to investigate the effect of chronic long-period treatment with dietary fiber on the onset of diabetes as well as on the development of diabetic complications in OLETF rats.

The OLETF rat is a good model of non-alcoholic fatty liver disease and exhibits insulin resistance, abundant visceral fat tissue, post-prandial hyperglycemia, and hepatic steatosis.^([@B25])^ Many investigators have used this model to demonstrate the beneficial effects of treatment with anti-diabetic drug metformin,^([@B26])^ granulocyte colony-stimulating factor,^([@B27])^ nitric oxide synthase inhibition,^([@B28])^ exercise training,^([@B3],[@B29])^ and caloric restriction on hepatic stenosis.^([@B30])^ It has also been reported that hepatic steatosis in OLETF rats was prevented by several food factors, including α-lipoic acid and milk thistle extracts silymarin.^([@B31],[@B32])^ The present study clearly demonstrated that chronic long-period treatment with PHGG prevented histological hepatic steatosis. This is the first study to demonstrate a reduction of hepatic steatosis in OLETF rats by PHGG, a water-soluble dietary fiber. Although additional studies are needed to develop potential therapeutic approaches involving dietary fiber to prevent NAFLD in humans,^([@B33],[@B34])^ dietary interventions by PHGG may offer potential for nontoxic and physiological methods for altering the intestinal environment, leading to beneficial effects in the liver.

OLETF rats have also been used to investigate the pathophysiology of human diabetic nephropathy. Previous studies have demonstrated that the characteristic glomerular changes in diabetic nephropathy include mesangial matrix expansion, glomerular basement membrane thickening, and podocyte foot process effacement in OLETF rats. It has been reported that diabetic nephropathy in OLETF rats can be prevented by treatment with (--)-epigallocatechin 3-*O*-gallate,^([@B35])^ ferulic acid,^([@B36])^ granulocyte colony-stimulating factor,^([@B37])^ intra-cellular delivery of anti-oxidant peptides,^([@B38])^ iron restriction,^([@B39])^ and taurine.^([@B40])^ In 2005, Yokozawa *et al.*^([@B41])^ demonstrated that PHGG treatment attenuated urinary protein excretion and inhibited morphological changes in rats with streptozotocin-injected diabetic nephropathy. This is the first study to demonstrate a reduction of diabetic nephropathy in OLETF rats by PHGG, showing that treatment of OLETF rats with PHGG decreased the PAS-positive mesangial area and inhibited the increase in urinary albumin clearance compared to in control rats. The Diabetes Control and Complications Trial and some clinical studies have demonstrated that lowering high blood glucose levels prevents the development and progression of diabetic renal disease.^([@B42],[@B43])^ In our study, blood glucose levels at fasting and at 2 h after OGTT decreased significantly in PHGG-treated OLETF rats compared to that in the control group, along with increase in HOMA-IR in the PHGG treatment group. Thus, the protective effect of PHGG on diabetic nephropathy can be accomplished by lowering blood glucose levels through improved insulin secretion.

Dietary fiber intake has been inversely associated with diabetes risk, as determined in a meta-analysis of cohort studies by Schulze *et al.*^([@B44])^ The recent European Prospective Investigation into Cancer and Nutrition (EPIC)-InterAct study showed that high intake of total fiber was associated with an 18% lower risk of incident type 2 diabetes after adjustment for life-style and dietary factors.^([@B45])^ Because PHGG is soluble in water, has low viscosity, and is almost colorless and tasteless, properties similar to those observed for guar gum, PHGG can easily be used in sufficient amounts as dietary fiber in food; thus, PHGG has been widely used in Japan as a fiber resource since 1987 for nutritional purposes. Based on experiment data and published studies, PHGG is considered to be safe and appropriate for use as an ingredient in enteral nutrition products and liquid oral supplement products to provide dietary fiber.^([@B46])^ Based on results of basic experiments as well as clinical trials, the potential of PHGG in the field of preventive medicine must be further clarified, particularly regarding its role in preventing diabetes and its complications.

Protein levels in the blood reflect physiological and pathological conditions, and some proteins have been identified as biomarkers for some conditions. The development of proteomic array technology for profiling, in which a ProteinChip Array is coupled with SELDI-TOF MS, is a powerful tool for identifying new biomarkers. The advantages of this method include its speed and high-throughput capacity and that it only requires a small amount of sample. We identified fragments of apolipoprotein A1, hemopexin, and transferrin as treatment efficacy-related host factors in chronic hepatitis C using the ProteinChip Array/SELDI-TOF MS system.^([@B19])^ Aoi *et al.*^([@B47])^ also demonstrated that apolipoproteins A-2 and C-1 and β~2~-glycoprotein-1 were altered in mice after training combined with the intake of whey protein, without significant changes induced by exercise or whey protein alone. In the present study, we identified cysteinylated (cys)-TTR as a predictive biomarker involved in the response to treatment with PHGG on OLETF rats using the same methods. TTR has traditionally been used only as a carrier for both retinol-binding protein 4 (RBP4) and thyroxin, but also as a biomarker for nutritional status because its hepatic synthesis is mainly influenced by the adequacy of dietary protein and energy intake.^([@B48])^ Differential levels of TTR in serum have been linked to several cancers, including breast,^([@B49])^ ovarian,^([@B50])^ stomach,^([@B51])^ pancreas,^([@B52])^ and hepatocellular carcinomas.^([@B53])^ Plasma levels of TTR, however, are also affected by acute and chronic diseases associated with an acute-phase response. Under these conditions, liver activity is concentrated on the synthesis of acute-phase response proteins, resulting in a dramatic decrease in visceral proteins. Therefore, when comparing groups of cancer patients with different stages of the disease, it is expected that plasma TTR levels are more severely affected in patients with late-stage ovarian cancer.^([@B54])^

Five isoforms of TTR have been previously identified by MALDI analysis after immunoaffinity capture: full-length TTR, a form truncated *N*-terminally by 10 residues, and three modified isoforms, including cys-TTR, cysteinylglycinylated (cysgly)-TTR, and glutathionylated (gly)-TTR.^([@B55])^ Gericke *et al.*^([@B56])^ reported a transient increase in cysgly-TTR in intensive care unit patients with multiple traumas. Rüetschi *et al.*^([@B57])^ identified cys-TTR as a cerebrospinal fluid biomarker for frontotemporal dementia. Frey *et al.*^([@B58])^ investigated the plasma levels of these isoforms of TTR in subjects with type 2 DM by the MALDI-TOF MS and immunoprecipitation, and found no differences in the peak-height ratios of TTR isoforms and that all co-precipitated TTR isoforms were involved in binding to RBP4. These results indicate that the occurrence of TTR isoforms is not affected by the binding function of RBP4 to the TTR molecule. In the present study, we first identified cys-TTR as a predictive biomarker for the onset of diabetes as well as the progression of diabetic complications, including fatty liver and nephropathy. In addition, we recently obtained data from a preliminary clinical trial in which the plasma levels of cys-TTR significantly decreased in 4 volunteers after treatment with PHGG for 4 weeks (data not shown). The TTR protein is prone to modifications on its free cys (10) residue and thus may reflect oxidative stress. Oxidative stress and oxidative protein modification have been reported to be involved in the pathogenesis of diabetes and its complications.^([@B59],[@B60])^ However, further studies are necessary to identify the molecular mechanism by which cys-TTR may increase in during impaired glucose tolerance.

In conclusion, we found that long-term treatment with PHGG improved insulin resistance, delayed the onset of diabetes, and inhibited the development of diabetic complications. We also identified cys-TTR as a predictive biomarker of the response to treatment with PHGG in OLETF rats. The use of cys-TTR as a biomarker of diabetes has not been reported previously and may be used as a response-predictive biomarker in the field of preventive medicine.
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CHCA

:   α-cyano-4-hydroxycinnamic acid

EAM

:   energy absorbing molecule

HOMA-IR

:   homeostasis model assessment of insulin resistance

HPLC

:   high performance liquid chromatography

LETO

:   Long-Evans Tokushima Otsuka

LETO-C

:   LETO rats fed with control standard rat diet

LETO-F

:   LETO rats fed with standard rat diet with 5% PHGG

MASCOT

:   mass values of monoisotopic peaks for searches

OGP

:   octyl β-[d]{.smallcaps}-glucopyranoside

OGTT

:   oral glucose tolerance test

OLETF

:   Otsuka Long-Evans Tokushima Fatty

OLETF-C

:   OLETF rats fed with control standard rat diet

OLETF-F

:   OLETF rats fed with standard rat diet with 5% PHGG

PAS

:   periodic acid-Schiff

PHGG

:   partially hydrolyzed guar gum

PMF

:   peptide mass fingerprinting

SELDI-TOF MS

:   surface-enhanced laser desorption/ionization time-of-flight mass spectrometry

SPA

:   sinapinic acid

TFA

:   trifluoroacetic acid
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![Weekly food intake (a) and body weight (b) in OLETF and LETO rats. Values are means (*n* = 7 and 4 animals in OLETF groups and LETO groups, respectively). OLETF was significantly different from LETO group, but PHGG affected neither body weight nor food intake in OLETF and LETO rats. OLETF-C, OLETF rats treated with control diet; OLETF-F, OLETF rats treated with high-fiber (PHGG) diet; LETO-C, LETO rats treated with control diet; LETO-F, LETO rats treated with high-fiber (PHGG) diet.](jcbn15-98f01){#F1}

![Weekly fasting plasma glucose (a) and plasma glucose 2 h after OGTT (b) in OLETF and LETO rats, and the area under the curve (AUC) of glucose (c) and HOMA-IR (d) in OLETF rats. Repeated measure ANOVA revealed significant differences between OLETF-C and OLETF-F groups (^\#^*p*\<0.05, and ^\#\#^*p*\<0.001). **\****p*\<0.05 vs OLETF-C rats by student *t* test. OLETF-C, OLETF rats treated with control diet; OLETF-F, OLETF rats treated with high-fiber (PHGG) diet; LETO-C, LETO rats treated with control diet; LETO-F, LETO rats treated with high-fiber (PHGG) diet.](jcbn15-98f02){#F2}

![Incidence of IGT/DM and weekly results of OGTT. Oral glucose tolerance tests (OGTT) were conducted at the beginning and every 4 weeks after overnight fasting during the experiments. Based on the results of OGTT, normal glucose tolerance (N), impaired glucose tolerance (I), and diabetes (D) were classified by the definition given in the Materials and Methods. OLETF-C, OLETF rats treated with control diet; OLETF-F, OLETF rats treated with high-fiber (PHGG) diet. ^\#^To identify risk markers of diabetes, 4 samples of OLETF-C and 4 samples of OLETF-F (indicated by ^\#^) were used for proteomics analysis.](jcbn15-98f03){#F3}

![Effect of PHGG on the liver fat accumulation in OLETF rats. (a) Representative microphotographs of the liver of OLETF rats. (b) Ratio of fatty lesion was evaluated using an image-analyzer. PHGG significantly suppressed liver fat accumulation in OLETF rats. The data represent the mean ± SD (*n* = 7). **\****p*\<0.01 vs the control group.](jcbn15-98f04){#F4}

![Effects of PFGG on diabetic nephropathy in OLETF rats. (a) Representative microphotographs of the glomerulus of the kidney of OLETF rats. (b) Ratio of PAS-positive mesangial area (%) and (c) albumin clearance (µg/day) in OLETF rats. The data represent the mean ± SD (*n* = 7). **\****p*\<0.01 vs the control group.](jcbn15-98f05){#F5}

![Changes in peak intensity at m/z 13,720 of protein profiles obtained by SELDI-TOF MS, which were detected in the serum of 21-week-old rats. (a) Boxplot showing the difference in relative peak intensities in four groups as follows; LETO-C, OLETF-C, OLETF-F, LETO-F (*n* = 4 each group). **\****p*\<0.1, **\*\****p*\<0.05; shown with *p* value by Mann-Whitney *U* test. (b) Time-course changes in the relative peak intensity at m/z 13,720 for two groups of OLETF-C and OLETF-F (*n* = 3 each group). In the graph, the marks of data points correspond to the results of OGTT. OLETF-C, OLETF rats treated with control diet; OLETF-F, OLETF rats treated with high-fiber (PHGG) diet; LETO-C, LETO rats treated with control diet; LETO-F, LETO rats treated with high-fiber (PHGG) diet.](jcbn15-98f06){#F6}

![Purification of the m/z 13,720 protein. (a) Normal rat serum was fractionated with HiTrap^TM^ Q HP column and subsequently the fraction was subjected to tricine SDS-PAGE (15--20% gradient) and the gel was stained with CBB G-250. In lane 1 & 2, lane 3 & 4, and lane 5 & 6, sample was applied by 50 µl, 100 µl, and 200 µl, respectively. (b) CBB-stained protein band was extracted using a passive elution procedure and the molecular mass values of the extracts were measured by SELDI-TOF MS. The arrows indicate protein bands containing the m/z 13,720 protein (a) and SELDI-TOF MS peak (b).](jcbn15-98f07){#F7}

###### 

Serum biochemistly of OLETF-C and OLETF-F rats at 62 weeks of age

                 OLETF-C      OLETF-F
  -------------- ------------ ----------------
  AST (IU/L)     109 ± 17     113 ± 28
  ALT (IU/L)     42 ± 4.2     50 ± 8.8
  TCHO (mg/dl)   257 ± 44     221 ± 19
  FCHO (mg/dl)   9.1 ± 2.1    8.9 ± 1.7
  TG (mg/dl)     265 ± 51     232 ± 47
  NEFA (mEq/L)   717 ± 78     519 ± 37**\***
  CRE (mg/dl)    1.5 ± 0.12   1.4 ± 0.18
  UN (mg/dl)     27 ± 8.1     19 ± 1.5
  HDL (mg/dl)    171 ± 13.5   157 ± 6.2
  LDL (mg/dl)    91 ± 29      73 ± 11
  TBA (mg/dl)    5.7 ± 1.3    6.5 ± 2.6

**\****p*\<0.05. AST, asparate 2-oxoglutarate aminotransferase; ALT, alanine 2-oxoglutarate aminotransferase; TCHOL, total cholesterol; FCHO, free cholesterol; TG, triglyceride; NEFA, non-esterified fatty acid; CRE, creatinine; UN, urea nitrogen; HDL, high density lipoprotein cholesterol; LDL low density lipoprotein cholesterol; TBA, thiobarbituric acids-reactive substances.

###### 

The risk marker candidates for diabetes mellitus

  Candidate No.   M/Z average   LETO-C vs OLETF-C   OLETF-C vs OLETF-F           
  --------------- ------------- ------------------- -------------------- ------- ------
  1               3,497         0.021               Down                 0.021   Up
  2               3,559         0.021               Down                 0.021   Up
  3               7,026         0.083               Up                   0.083   Down
  4               8,331         0.083               Up                   0.083   Down
  5               9,060         0.021               Up                   0.083   Down
  6               9,255         0.021               Up                   0.083   Down
  7               9,446         0.021               Up                   0.043   Down
  8               12,792        0.021               Down                 0.043   Up
  9               13,720        0.021               Up                   0.083   Down
  10              65,700        0.083               Down                 0.083   Up
  11              76,750        0.021               Up                   0.043   Down
  12              79,085        0.021               Up                   0.021   Down

[^1]: Present address: Department of Food Nutritional Science, Kobe Women's Junior College, 7-2, 4-chome, Minatojima-nakamachi, Chuo-ku, Kobe, Hyogo 650-0046, Japan
